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Introduction
Development of an efficient technology for removal of particles is of a considerable importance in various applications, including semiconductor manufacturing and IC industry, high-power optics, photonics, displays, data storage devices and other technologies dealing with critical surfaces [1, 2] . Among the variety of cleaning methods widely used in industry (chemical etching, ultrasonic and megasonic vibrations, high-pressure air/liquid jets, wiping, surfactants)
[2-10], the laser-based cleaning techniques [4] [5] [6] [7] [8] [9] [10] [11] have shown advantages for a number of applications owing to a flexibility, a contactless, a high precision and an ability to remove submicron-sized particles. The laser-cleaning methods, which rely on the pulsed laser heating of surfaces or particles, can be divided into two types: dry laser cleaning [4] [5] [6] [7] and liquids assisted laser cleaning [4, [8] [9] [10] [11] . In the case of dry laser cleaning particles are removed from the surfaces by rapid thermal expansion of solid substrates and/or particles that caused by the laser heating. In the liquid-assisted laser cleaning techniques particles are removed by the laser induced explosive vaporization of liquid film coating the substrate. However, despite some advantages of the latter two methods the high temperature developed by high power laser pulses could cause damage of surfaces and/or their functional layers by melting, mechanical cracking and other possible reasons. Even more than that, due to explosive thermal expansion of materials the laser-pulsed cleaning techniques results in an emission of cleaning products in the surrounding atmosphere that is critical for applications related to cleaning surfaces experiments inside a spacecraft.
Below a novel, soft and nondestructive method for removal of particles from solid surfaces is suggested. The method is based on the laser-induced thermocapillary phenomenon [12] [13] [14] [15] [16] . The mechanism of the thermocapillary phenomenon is as follows. If an incident CW-laser beam contacts a thin liquid layer deposited on the solid substrate then temperature of the substrate increases due to absorption of the laser irradiation. This results in a local increase in the temperature of the liquid and induces the temperature gradient along the liquid layer. This gradient creates a surface tension gradient along the free liquid interface,
which forces the liquid to flow away from the irradiated area (Fig. 1a) , where ′ < 0 is the thermocapillary coefficient, which is negative for pure liquids, and ⁄ is the temperature gradient. This flow is referred to as the laser-induced thermocapillary flow [12] [13] [14] [15] [16] . In the irradiated area the liquid layer becomes thinner and depending on the power of the laser beam the thermocapillary forces could cause a rupture of the layer [14] [15] [16] (Fig. 1b) . As a result, the solid substrate becomes dry. Shifting the laser beam parallel to the substrate forces the liquid to recede in front of the moving laser beam. Thus, the shifting laser beam displaces the liquid along the surface. A focusing of the laser beam into the line beam enables a larger scale displacement of the liquid (Fig. 1c) . The particles to be removed originally are attached to the dry surface, after deposition of a liquid layer the particles becomes less connected to the solid surface and it is expected that the laser-induced thermocapillary flow can remove them from the solid surface and transfer with the flows. To validate applicability of the proposed approach the following experiments were carried out. Applying the sessile droplet method the wetting properties of substrates and particles in respect to hexadecane were investigated. The contact angles of hexadecane droplets (< 5 μl) were around 20° on the magnetic disc, < 10° on the carbolite, and complete wetting was observed on the welding glass. The wetting properties of PE and PTFE particles were measured using films of these polymers and the contact angles of hexadecane were found to be around 22 and 45° on PE and PTFE films, respectively. The wettability of talc was estimated on surface of the dry talc powder compressed into a tablet. Hexadecane droplets soaked in the talc in a second after the deposition, which is caused by an imbibition into a porous tablet and oleophilic nature of talc. As far as Al 2 O 3 powder is very granular, their wettability was roughly estimated by placing hexadecane droplet onto the surface of particles in a sample bottle. As in the case of talc, the droplet of hexadecane was immediately soaked up into the powder.
Experimental section
Particles were deposited onto the solid substrate by sieving using meshes with proper sizes of cell to reduce an aggregation of particles and achieve their uniform distribution over the solid substrates. The high-resolution images of substrates before and after cleaning were taken to estimate the efficiency of cleaning. The area under investigation was around 100 mm 2 .
The cleaning procedure was as follows. A hexadecane droplet (~ 0.1 ml) was deposited onto the area of the solid surface under investigation to completely cover all particles. A line beam of semiconductor laser (wavelength 1.5 μm, optical power 500 mW) was directed perpendicularly to the liquid layer on the substrate. A length of projection of the line laser beam onto the substrate was around 1 cm. Absorption of the laser irradiation lead to a heating of the liquid in the irradiated area, which resulted in the thermocapillary rupture of the layer and convective transfer of liquid from the heated to the colder area (Fig. 2a) . Then the line laser beam was moved along the substrate inducing the thermocapillary displacement of the liquid over the substrate (Fig. 2b-c) . The convective liquid flow moved the particles from the surface and transferred them along with the liquid flow. The displaced liquid was pumped out with a pipette after the liquid was removed from the investigated area of substrate ( Fig. 2c-d ). To achieve a maximum of the cleaning efficiency the cleaning procedure was repeated at least 5 times and the whole procedure took around 15 minutes. After completing the cleaning the investigated area of substrate was irradiated for 30 minutes to remove a residual very thin liquid film from the solid substrate. Using the images of substrate before and after the cleaning procedure the area of substrate covered by particles was estimated by counting of the pixels. The cleaning efficiency was estimated using the following equation:
where 0 is the area of the substrate covered by particles before cleaning, is the area of substrate covered by particles after cleaning. For the estimation of the thermal influence of laser irradiation on substrate, the temporal and spatial distributions of surface temperature was investigated using infrared camera (FLIR A655sc, spectral range 7.5 -14 µm, accuracy ±2°C of reading). The time evolution of surface temperature of substrate was measured starting from the switch on the laser until temperature in the center of the laser beam projection on a surface has reached a constant magnitude. After that the laser was switched off and the relaxation of surface temperature of substrate was monitored until it decreased to the room temperature. Fig. S1 shows the growth of surface temperature of welding glass (a), carbolite (b) and soft magnetic disc (c) during the heating with the laser beam.
Fig . S2 shows the relaxation of the surface temperature for those substrates. Fig. 3 illustrates the results of application of the laser-induced thermocapillary effect for cleaning of surfaces from the particulates: (a) talc particles on a welding glass, (b) PE particles on a soft magnetic disc. In Fig. 4 the cleaning efficiency of the laser-induced thermocapillary effect for all types of substrates and particles is shown. Fig. 4 shows that the proposed method is more effective in the case of PTFE and PE particles on welding glass and magnetic disc. In the case of talc particles on all substrates, the cleaning efficiency is low and ranges in between 30 -45%.
Results and discussion

Experimental results
Interesting results were obtained for Al 2 O 3 particles: a satisfactory cleaning efficiency around 30
and 60% found on the carbolite and the magnetics disc, respectively, but on the welding glass, 
The cleaning mechanism
In general, there are three types of adhesion forces (van der Waals, electrostatic and capillary pressure forces), which attach small particles to surfaces. However, an immersion of particles in oil medium makes electrostatic forces to become negligible.
The cleaning forces in the liquid-assisted cleaning process could be the following: the hydrodynamic forces caused by the liquid flow around the particles [17, 18] and the capillary forces caused by the advancing/receding contact angles of the liquid layer [11] . The liquid flow in our case is the laser-induced by thermocapillary flows. Since the hydrodynamic forces depend on the flow velocity, then the higher flow velocity the better the cleaning efficiency. In the case under consideration the flow velocity is determined by the thermal surface tension gradient,
, where ⁄ is the temperature gradient caused by the laser beam on the hexadecane layer. To estimate the surface tension gradient the temperature gradients were calculated from IR measurements (Fig. S1) for the good removal of PTFE and PE particles from the welding glass is the contribution of an extra cleaning capillary force at the leading edge on laser beam (Fig. 2) . Indeed, according to Leenaars [11] the capillary force, F c , generated by the moving interfacial liquid-solid boundary is equal to:
where is the surface tension of the liquid, is the contact angle between the liquid and the particle, and is the contact angle of the liquid on the substrate. In our case, this kind of force works at the receding three-phase contact line (Fig. 2) . According to Eqn. (2) the cleaning procedure is more efficient in case the highly wettable substrate and low wettable particles.
Analysis of the wetting properties of particles and surfaces given in the experimental section
shows that the cleaning capillary force can significant contribute to the removal of moderately oleophobic particles such as PTFE and PE from the oleophilic welding glass. The latter is in an agreement with our experimental results (Fig. 4) : high cleaning efficiency was found for these particles on the glass surface. 
Analysis of the thermal effect
As it mentioned above the thermal impact on the substrate caused by the laser beam is a crucial parameter because of a danger of destruction of the surface. In Fig. 5 the dependencies of temperature of substrates in the center of projection of the line laser beam are presented. In the case of the welding glass and the carbolite, temperature reached maximum values close to 45°C
and 60°C, respectively. The heating rate is slow and takes several minutes after the beginning of the irradiation to reach the maximum value. However, on the soft magnetic disc temperature increased much faster (in ten of seconds) and reached a maximum value around 80°C. The difference in the maximum temperatures is caused by the different ability of those materials to absorb the laser irradiation. The temperature curves in Fig. S1 show that on the welding glass and the carbolite the strong lateral dissolution of heat takes place, but no heat dissolution occurs on the magnetic disc. This is associated with the dissipation of heat laterally and in depth of substrate (the thickness of both the welding glass and carbolite is 3 mm) caused by the thermal conductivity of material. The magnetic disc (60 microns thick) is a polymeric material having a low thermal conductivity that prevents the heat dissipation and allows the high temperature gradient in comparison with two other substrates. It is important to note, that the magnitude of the temperature gradient has a directly influence on the hydrodynamic cleaning force. Thus, the thermal properties of substrates and their thicknesses affect the cleaning efficiency of the proposed method. Nevertheless, it has to be noted that the laser-induced thermocapillary method enables the removal of micron-size particles at very low temperatures in contrast to the traditional laser-pulsed cleaning methods [8, 10] and cannot cause any destruction of the surfaces. 
Conclusions
The soft and non-destructive laser-based cleaning method has been proposed to remove the micron-size particles from solid surfaces without causing thermal damage to these surfaces. The method is based on using the thermocapillary flows [12] [13] [14] [15] [16] 
